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Motivation for Studying Spin Proton Structure &
Quantum Chromo Dynanmwgs

» QCD successful in describing high energy-
reactions

» BUT No consistent description of hadronic |
sector

—>No consistent description of fundamental bound
state of the theory

QCD binding energy : most of the visible mass in the
universe

Spin Is fundamental Quantum Number: What role
does It play? Use transverse spin as precision probe.




Motivation for Studying Spin Proton Structure &
Quantum Chromo Dynarm

Millenium

» QCD successful in describing-high energy
reactions

» BUT No consistent description of hadronic sectc

—>No consistent description of fundamental bound state of mw%g%m
the theory : proton :

QCD binding energy : most of the visible energy in the
universe

Spin is fundamental Quantum Number: What role does it
play? Use transverse spin as precision probe

» Compare to QED:
Bound state: QED: atom

Stringent tests of QED from study of spin structure of
hydrogen

Lamb shift (Nobel prize 1955)
- Atomic physics, QCD?




Probes to Study Polarized Proton Structure
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Parton Distribution Functions

The three leading order, collinear PDFs

f19 (x) @
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unpolarized PDF
quark with momentum X=pg,ar/Pproton 1N
anucleon

well known — unpolarized DIS

helicity PDF

quark with spin parallel to the nucleon

spin in a longitudinally polarized nucleon
known — polarized DIS

ansversity PDF

guark with spin parallel to the nucleon
spin in a transversely polarized nucleon
Helicity — transversity: measurement of the
nonzero angular momentum components
In the protons wavefunction

chiral odd, poorly known
Cannot be measured inclusively
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Current Status of Distribution
Functions
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Current Status of Distribution
Functions
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Current Status of Distribution

Functions

om

F, -log,,(x)

Ji="e

Unpolarized

ZEUS
x=6.32E-5
H T x=0.000102 [ .
/1) a=00061 ZEUS NLO QCD fit
r [ tor error
5
® FEUS 9697
+ BCDMS
4 - ¥ NM(
3 -
- x=0.021
’ — x=0.032
2L
o W x=0.08
i JESPELE setyoba i o =008
- s ‘—!;!=ﬂ.|3
1 T - -t r—u.w
et 025
e .
e s S
J— . =065
0 al 1 L sl L L
2 1
1 10 10 10 10 10
2 2
Q°(GeV?)

81

10
P

1’

1w

"

MLO QCD fit: Cluck, Reya, Vogelsang, M5 (2000 updatd

Longitudinally Polarized

= o> — w0

polarized

—
==0 008 (2048) NLO
E =0.015 (x1024) ]

/4*_',_, ==0.025 (512}

s+ SMC

: ‘i‘ ¢ T =005 (=128) E

' =0.08 (364)
. -] +
=0.125 (32

10 E

w=0.035 (=258}

==0.175 (=16} 3

+*
b

: e =025 (58
e} w0 ]
\—;H———“—‘.L__liﬂj‘ﬂ’ 1

EL55 E
El43

EMC

| 4
HERMES N\.; =075 3
] i IR

L

10 Q (GeVY) L0 ?

—

g1 X Z ‘3593

+
hy= 4§ -7

Transversely Polarized

S B | S



» Naive picture: leptonic probe too ‘fast’ to be sensitive to
transverse polarization




T I

Probability of finding 1 quark Probability of finding ¥ quark



Handbag Diagrams

O




e Transversity base:

e Helicity base: chiral odd
* Needs chiral odd partner=»Fragmentation Function

* Does not couple to gluons = different QCD evolution than g,(x)
 Dominated by Valence Region



Baker, Leader, Trueman:
Transverse Polarization Sum Rule

e Tensor charge g:can come from lattice and
experiment

Parton distributions on the light-cone - compare
moments

e Allows first order calculations connection to experiment
e Other quantities from lattice: Quark orbital momentum etc




Chiral odd Fragmentation Functions
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Interference Fragmentation Function

(z°77) > pP

L -1 //

S-wave




Quark Polarimetry with
Interference FF in Quark Fragmentation

.ﬂml | ,QUN’ &

Zpair

2F

pair/ \/E

m

: quark momentum
:quark spin
: momentum difference Py, — Pny
transverse hadron momentum difference
= pair/Eq
: relative hadron pair momentum
: hadron pair invariant mass

Interference Fragmentation
Function:

Fragmentation of a
transversely polarized
quark g into two spin-less
hadron h1, h2 carries an
azimuthal dependence:

< (F X ) 75;
& sin §pg




Transversity from di-Hadron SSA

p+p c.m.s. = lab frame

Pa, Ps : momenta of protons _
ATE P ¢, : from scattering plane

to hadron plane

Phs, Pnz : momenta of hadrons
Ec = I_jhl + |_5h2
Rec = (ﬁm —|_5hz)/2

S : proton spin orientation

¢, : from polarization vector
to scattering plane
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167z,
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Unpolarized Hard scattering || |EE + Di-hadron EE
quark distribution Transversity cross section measured in e+e at Belle-
Known from DIS to be extracted from pQCD
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NEW: STAR shows significant Signal!
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« First significant signal of transversity in polarized proton collisions




Measurements of Fragmentation
Functions in e+e- at Belle

« KEK-B: asymmetric e* (3.5 GeV) e~ (8 GeV) collider:
Vs =10.58 GeV, e*e>Y(4S)>B B
-V's = 10.52 GeV, e+e-=> qqgbar (u,d,s,c) ‘continuum’
« ideal detector for high precision measurements:
- tracking acceptance 0 [17 °;150°]: Azimuthally symmetric
- particle identification (PID): dE/dx, Cherenkov, ToF,
EMcal, MulD
 Available data:
~1.8 *10° events at 10.58 GeV,
~220 *10° events at 10.52 GeV BELLE Detector

— Rl 3
e & -

T e ‘ "~ Beﬂe detector T Jea—"__
- 7,. ,...-an-LKEKB / - b _ ' \k\ e =

2. Central Drift Chamber
3. Aerogel Cherankov Gounter
4, Time of Flight Countar
IS . g 5. Csl Calorimeter
: g 6. KLM Detector
‘ B~ 1 = 7. Superconducting Solenoid
Y- ,.-'- - 23/]18 8. Superconducting Final

Focussing Systam



Belle Detector

_ & -] -. Aerogel Cherenkov cnt.
SC solenoid 7. < [ T ,.-w n=1.015~1.030
15T N
Csl(Tl) 16X, Im
TOF counter

8GeV ¢

mﬁi“ cell + He/C2H6

NN
Si Vt! det. \‘\!IH u/ K, detection
3 lyr. DSSD 14/15 lyr. RPC+Fe

Large acceptance, good tracking and particle identification!




dE/dx (CDC)

AdE/dAX -5 %
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relative events

Measuring Light Quark Fragmentation Functions
on the Y (4S) Resonance
%‘25 -
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0 0 0% "00 e'e” Center-of-Mass Energy (GeV)
B B b *-a f‘o A
9. " %o e small B contribution (<1%) in high thrust sample
0 Biich ‘e * e >75% of X-section continuum under
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How to Measure Spin Dependent
Fragmentation Functions in
unpolarized et e




Measuring transverse spin dependent di-Hadron Correlations
In unpolarized e*e” Annihilation into Quarks

electron Interference effect in e’e’
quark fragmentation
will lead to azimuthal
asymmetries in di-hadron
correlation measurements!

Experimental requirements:

= Small asymmetries =
very large data sample!

» Good patrticle ID to high
momenta.

z, , relative pion pair
momenta = Hermetic detector

D>

positron

A e HE (2, m, 7 (20, m, ) cos (o, + ) /o




Interference Fragmentation Function from di-
Hadron PaixCorrelations

P~
¢ e+e 9 (TC n )jetl(n Tc_)jetZX

» Find pion pairs in opposite
hemispheres

« Observe angles ¢,+¢, between the \(1

event-plane (beam Jet axis) and
the two two-pion planes.

» Theoretical guidance by papers of
Bogr,Jakob,Radici[PRD 67,(2003)]
an
Artru,Collins[ZPhysC69(1996)]

» Early work by Collins,
Heppelmann, Ladinsky
[NPB420(1994)] «Jaffe et al. [PRL 80,(1998)]

AkEmRE )




Full off-resonance and on-resonance data

(7-55): ~73 fb-! + 588 fb! T-spin projection:
Visible energy >7GeV, exclusion of t-2>nn*n v, Sin(6)?/1+cos(6)?
PID: Purities in for di-pion pairs > 90%

Same Hemisphere cut within pair (ztx~), opposite < [
hemisphere between pairs et R
All 4 hadrons in barrel region: -0.6<cos() <09 — ‘T
Thrust axis in central area: cosine of thrust axis around j

beam <0.75

Thrust > 0.8 to remove B-events 2 < 1% B events In
sample

Zhadi had2™0-1

Z,= ZpagtZhad, ANd Z, binning
m__, and m__, binning
m__,,Z,; binning



N(b +0 Ji<N =

N(9 +0 i< N >

Invariant Mass x*/n" Pairs

Asymmetry extraction

r— | e Build normalized
- yields:
150 f.f“'! \‘f\ N (¢1 + ¢2)
100 f; 1‘.‘\ <N>
ll \\
503— \\ - -
F | ) N e Fit with:

N{o+4 )i< N >

or

N{o .+ )i< N >

Amplitude a,, directly
measures ( IFF ) x ( -IFF)

- (no double ratios)




Zero tests: MC

Energy flow with opening cut of 0.8

* A small asymmetry seen due to acceptance effect
* Mostly appearing at boundary of acceptance

* Opening cut in CMS of 0.8 (—~37 degrees) reduces
acceptance effect to the sub-per-mille level

%2 f ndf 2552179
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Ph
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- m, [GeVic?] m, [GeVic?] -

First measurement of Interference
Fragmentation Function
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Comparison to theory predictions
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» Mass dependence : Magnitude at low masses comparable, high masses
significantly larger (some contribution possibly from charm)
» Z dependence : Rising behavior steeper




Subprocess contributions (MC)
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tau contribution (only significant at high z)
charged B(<5%, mostly at higher mass)

charm( 20-60%, mostly at lower z)
uds (main contribution)




Subprocess contributions (MC)
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COMPASS 2004 Setup

X MuonWall
two stages spectrometer +1%
Large Angle
Spectrometer (SM1),
(I)S'(I)R Small Angle

SPeclRBsiAA?

2002-2004: 6LiD (Deuteron)
dilution factor f = 0.38 polarization PT =50%

p
>2005 NHS3 (proton)

1 ! beam : , —
o —0O . 3 target cells with opposite polarization,90%
ﬁ(% —¢R) = AJT Slrl(¢S —¢R) polarization, 16% dilution
o +O0

- _ COMPASS 2010 proton data . high energy beam
' i «  Large angular
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Measurement at Belle leads to first point by

| point extraction of Transversity
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M. Radici at FF workshop, RIKEN, 11/2012

See also: Courtoy: Phys. Rev. Lett.
107:012001,2011 R




Jet Handedness

Sq
— R
®
g
(ky xk_)-t
Handedness: L/R Jet
I k7+ Il k_ |
_ ' > handedness:
= sin®>0

Ng — N,
Np + N,




Handedness Correlations

 Handedness Correlations expected to be zero in

factorized approach

* Non-zero asymmetries predicted in factorized approach
for azimuthal asymmetries sensitive to G+,

» Several suggestions how interactions with QCD vacuum
can lead to non-zero asymmetries

: Thrust direction

C
(ky xk_)-T_,
Handedness: >0 = |IUR
| ki [l k_ |
Jet
handedness: Ne — N,
"Np + N,

Ngpp, + Npgp — Ngg — Ny,

C:
D 7 Ny Nog + Neg + Ny




Handedness Correlations

 Handedness Correlations expected to be zero in

factorized approach

* Non-zero asymmetries predicted in factorized approach
for azimuthal asymmetries sensitive to G+,

» Several suggestions how interactions with QCD vacuum
can lead to non-zero asymmetries

(ky xk_)-t
Handedness: >0 @ LR
| ki [l k_ |

Jet
handedness Ne — Ny
Np + N,

Ngpp, + Npgp — Ngg — Ny,

C:
D 7 Ny Nog + Neg + Ny




Handedness Correlations

« Handedness Correlations expected to be zero in
factorized approach

* Non-zero asymmetries predicted in factorized approach
for azimuthal asymmetries sensitive to G,

» Several suggestions how interactions with QCD vacuum
can lead to non-zero asymmetries

o SLD: Upper bound from 90k hadronic Z events: 7%

0.1; MC
C 0.08 MC/FXed events
. 0.06
k. Xk_)-t 0.04
Handedness:( b ) >0 = R 0.02 {' ++ + {’
Ko k| + ' {
i Jet N _ N 0.02 {' 'H’ + +H'
handedness: ————= -0.04 .
N + N, -0.06f- Correlation from MC zero
New + Nig = Npr — N ooEasexpected
. NRL + NLR + NRR + NLL = 0.2 04 0.6 0.8 ’}_P()'




Unpolarized Fragmentation Functions
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Precise knowledge of upol. FFs necessary for virtually all

SIDIS measurements

Lack of data at high z, lower CMS
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Belle II

» Aim: super-high luminosity ~1036cm-—=s! (~40x KEK/Belle)-

Will allow p; dependent extraction of fragmentation functions

» Upgrades of Accelerator (Microbeams + Higher Currents) and Detector
Significant US contribution

ﬁ Crab cavities
7 B

New beam pipe
& bellows

http://belle2.kek.jp




Belle Il Detector at SuperKEKB (L x 40)

7\

Barrel PID instrumental ~ K.and muon tetector:
. Resistive Plate Counter (barrel outer layers)
for fragmentation

function measurements

- Particle Identification
. Time-of-Propagation counter (barrel)
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- CsI(TI), waveform sampling

(barrel)

- |Pure Csl + waveform sampling
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e- (7GeV)

/ Vertex Detector N

- 2 layers DEPFET + 4 layers DSSD

RPC test
stand at 1U

_____________________________________________________________

to test
electronics:
E. Zarndt, S.
Arnold
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Summary

9,

» Breakthrough Measurements of Proton Structure underway: How does QCD work
inside the Nucleon?

« Di-hadron Correlations best way to access transversity in p+p, SIDIS needed to
describe spin structure of the proton, derive tensor charge

» Corresponding Fragmentation Functions measured at Belle
IFF, Collins in Pions, Kaons (underway), spin averaged single, di-hadron Fragmentation functions,

Jefferéon Lab

» Outlook @

Belle 11: Continuation of FF measurements with improved Kaon ID and vertex reconstruction
Use charm rejection
Probe QCD vacuum polarization

Measure transverse momentum dependent spin dependent and spin averaged fragmentation
functions

Precision measurements at Belle (I1) crucial for forthcoming measurements at BNL, Jlab, CERN










12 GeV JLab

add Hall D
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Di-hadron Correlations at CLAS

O “
& i

» Di-hadron correlations at CLAS to extract %”{% h,
- Hé“"“w&‘ P

higher twist distribution functions and
transversity (with new target)

* Need for nK IFF to exclude target
Fragmentation (Belle!)
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Plots from H. Avakian Xg - momentum
Dihadron samglg defined by SIDIS cuts+x.>0 (CFR) for both hadrons in the CM frame




[ransversity at high X from polarized He3 at SoLID
with 12 GeV Upgrade at JLah.
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:A » Precise measurement of p; dependent
2 | Collins effect
%9/ 0 Needs precise measurement of Collins and spin
8 e averaged p; dependent fragmentation functions
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k. transverse quark momentum in nucleon Anselmino, Boglione, D’Alesio,

Kotzinian, Murgia, Prokudin, Turk

p.L transverse hadron momentum in fragmentation Phys. Rev. D75:054032,2007

The transverse momentum dependencies are still unknown
Need p; dependent FFs from Belle to extract transversity and test TMD framework
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